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Abstract 


Using  phosphorescence  microwave  double  resonance  techniques, 


the  type  of  distortion  and  the  orientation  of  the  magnetic 

axes  are  determined  for  triplet  coronene  molecules  In  different  Shpol’akli 

sites  In  n-heptane  single  crystals  at  1.6*K.  Coronene  triplet  molecules 


In  different  sites  are  found  to  differ  one  from  another  not  only  In 


orientation  but  also  In  the  degree  and  the  sense  (quinoldal  vs.  anti' 


qulnoidal)  of  the  distortion  of  the  hexagonal  coronene  structure.  The  less 


Is  the  distortion,  the  higher  Is  the  energy  of  the  T *-*■  S.  transition 


Discussion  of  these  observations  la  given 
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I . INTRODUCTION 


A.  Statement  of  the  Problem 

n-Alkane  matrices  have  been  shown  to  be  favorable  hosts  for  aromatic 

molecules.  The  electronic  spectra  of  the  guest  show  the  quaslllnear  character 

and  the  multlplet  structure  characteristic  of  the  so-called  Shpol'skll  effect.^ 

This  effect  was  originally  observed  In  polycrystals  and  a theoretical  Interpreta- 
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tlon  has  been  given.  The  extension  of  these  studies  to  single  crystals  greatly 
Increased  this  effect's  interest  since  single  crystals  constitute  three- 

3 

dimensionally  oriented  media  useful  for  polarization  measurements.  Both  the 
sharpness  of  the  observed  bands  of  the  guest  and  the  ability  to  measure  Its 
polarization  characteristics  make  these  hosts  extremely  useful  In  molecular 
spectroscopic  investigations. 

Studies  In  polycrystals^’ ^ and  single  alkane  crystals^’^  have  established  that 
the  multlplet  structure  Is  due  to  electronic  transitions  of  guest  molecules 
Inserted  In  distinct  sites  of  the  host  lattice.  The  nature  of  these  sites,  I 

l.e.,  the  crystal  field  anisotropy  In  these  sites,  has  not  yet  been  determined. 

The  first  step  In  attaining  this  goal  Is  to  determine  the  orientation  of  guest 
molecules  in  these  different  sites.  The  only  determination  of  this  type  In 
a Shpol'skll  matrix  has  been  done  by  Canters  et  al.^  who  determined  the 

« 

Insertion  mode  of  porphyrins  In  n-octane.  Furthermore,  if  one  selects  a 

molecule  of  high  enough  symmetry  and  whose  structure  Is  susceptible  to  pseudo 

Jahn-Teller  distortion,  the  nature  of  the  distortion  can  also  reflect  the 

crystal  field  anisotropy  in  the  different  host  sites.  For  example,  using  PMDR  ■ 

g 

techniques.  It  was  found  that  the  nature  of  distortion  (qulnoidal  vs.  antl- 

qulnoldal)  of  the  benzene  triplet  is  not  only  sensitive  to  the  type  of  the 

9 10 

host  but  also  to  the  phase  of  the  same  (cyclohexane)  host. 

In  the  present  study,  we  have  used  linearly  polarized  mlcrowaves^^  and 

optical  detection  of  the  zero-field  transitions  to  determine  the  nature  of 

the  pseudo  Jahn-Teller  distortion  and  the  orientation  of  the  three  orthogonal 
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aagnetlc  axes  of  the  state  of  the  observed  sites  of  coronene  In  n>heptane 

single  crystals  at  1.6  K. 

B.  The  System 

A preliminary  study  of  the  n-heptane  crystalline  structure^^  determined 

that  n-heptane  crystallizes  In  a trlcllnlc  PI  system  with  angles  close  to  90* 

and  does  not  show  phase  transition.  The  growth  axis  Is  assigned  to  the 

(a)  axis  and  only  two  cleavage  planes  (ab)  and  (ac)  are  usually  observed.  The 

alkane  chains  are  almost  parallel  to  the  (ab)  face  and  make  an  angle  of  71* 

with  respect  to  the  (a)  axis;  they  are  lined  up  along  the  (c)  axis  (Fig.  1). 

A study  of  the  multlplet  structure  of  the  electronic  spectra  of  coronene 

13 

In  n-heptane  lattice  has  been  previously  reported.  The  emission  spectra 

show  a rather  complicated  structure  with  a five-component  multlplet.  The 

highest  energy  component  (a)  exists  only  In  polycrystalline  samples.  On  the 

6 14 

basis  of  various  studies  such  as  the  effect  of  annealing  and  external  pressure 
on  the  luminescence  properties  of  the  site,  site  a has  been  attributed  to 
molecules  which  are  not  Inserted  In  the  heptane  lattice.  This  line  Is  followed 
In  order  of  decreasing  energy  by  four  lines  which  appear  in  both  single  crystal 
and  polycrystalline  samples.  A weak  line  due  to  the  6 site  and  two  Intense  lines 
for  the  Y and  5 sites  exist  In  both  fluorescence  and  phosphorescence  spectra. 

A very  small  component  e appears  to  lower  energy  In  the  fluorescence  spectrum  only.* 
The  results  of  phosphorescence  and  fluorescence  polarization  measurements 
as  well  as  ESR  measurements  have  concluded  that  the  various  sites  are  related 
to  molecules  inserted  In  the  substitutional  plane  of  the  lattice  so  that  the 
molecular  plane  makes  an  angle  of  70*  ± 10*  with  the  (a)  axis.  No  correlation 
could  be  established  between  the  optical  and  the  magnetic  multlplet  observed 


In  order  to  avoid  any  confusion  the  coronene  sites  have  been  labelled 

13 


Instead  of  AbCDe  used  In  previous  papers. 


by  ESR.  For  Chi*  reason,  the  distinction  between  g,  y and  £ sites  was 
impossible. 


4 


-1 


The  analysis  of  the  phosphorescence  spectrum  has  previously  been 

reported. The  forbidden  0-0  band  can  be  observed  with  a relatively 

high  intensity  which  implies  a lowering  of  the  coronene  symmetry  due  to 

crystal  field  effects.  The  0,0  band  of  the  B,  Y ^nd  6 sites  are  found  at 

19405  cm  19383  cm  ^ and  19350  cm  ^ respectively.  The  0,0  band  of  the 

a site  is  observed  weakly  in  the  polycrystal  at  19436  cm  Built  on  each 

0,0  band  is  a number  of  vibronlc  bands,  Che  first  of  which  is  the  e.  370  cm 

vibration  (in  D,.  symmetry).  As  the  symmetry  of  coronene  is  lowered  in 
on 

n-heptane,  Che  degeneracy  of  this  e.  vibration  is  removed  and  this  band 

Zg 

is  therefore  split  into  two  bands  of~4cm'^  separation  for  the  6,  Y and  6 sites. 

For  this  vibronlc  band  we  will  use  the  notation  Bj^,  Y2»  ^2’  ''*'®*'* 

Che  subscript  1 represents  the  higher  energy  component  of  the  site.  The 

a site  which  is  the  most  Intense  line  in  the  vibronlc  bands  of  polycrystals 

does  not  show  this  splitting.  An  extensive  study  of  Che  crystal  field  effects 

on  Che  optical  spectra  will  be  published  later. 

Coronene  Is  believed  to  remain  planar  within  its  Insertion  modes  in  Che 

lattice  as  the  crystal  structure  does  not  favor  any  out-of-plane  distortion. 

On  the  basis  of  this  belief  the  molecule  is  assumed  to  be  distorted  to  a 

qulnoldal  or  antlquinoidal  form.  This  assumption  is  supported  by  the  fact  chat  only 

one  xero-field  spin  level  is  observed  to  be  radiative  to  the  0,0  band  for 

the  B,  Y •nd  6 sites  as  expected  for  a planar  molecule.  In  this  D_.  type  of 

2h 


molecular  distortion,  the  orthonormal  set  of  magnetic  axes  is  taken  as  A,B,N. 
The  A,B  in-plane  axes  are  such  that  the  A axis  passes  through  the  atoms  and  B 
bisects  Che  bonds.  The  H axis  is  normal  to  the  plan*.  The  relative  ordering 
of  Che  three  triplet  sublevels  t^,  t^,  of  coronene  in  alkane  matrices 
has  been  determined  previously.  ’ has  been  found  to  be  the  highest  energy 

level.  In  these  works,  no  results  or  discussion  of  the  difference  in 

distortion  between  the  different  sites  was  given. 
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II.  Experimental  Apparatus 

n-Heptanc  single  crystals  doped  with  coronene  have  been  prepared  by 

3 

slow  cooling  of  the  degassed  solution  as  reported  earlier.  Single  crystals 
were  cleaved  along  the  (ab)  and  (ac)  faces  and  studied  at  1.5  K.  The  crystals 
were  oriented  within  an  accuracy  of  10*  with  respect  to  the  horn  after  locating 
their  optical  axes. 

The  coronene  triplet  state  was  populated  by  the  3650  A line  of  a high 
pressure  mercury  lamp.  Selected  lines  of  the  phosphorescence  spectrum 

were  isolated  by  a 1 m Czerny-Tumer  monochromator  with  0.41  A resolution. 

The  degree  of  microwave  absorption  was  monitored  by  the  technique  of 
microwave  Induced  delayed  phosphorescence  (MIDP) . Microwaves  were  pro- 
vided to  the  horn  by  a HP  8690B  microwave  sweeper.  The  MIDP  signals  were 
collected  and  averaged  on  a TMC  multichannel  analyzer.  The  studied  transitions 
(D  |e|  and  D - |e|)  were  recorded  10-20s  after  the  cessation  of  the  exciting 
light.  Their  frequencies  were  measured  within  ±2  MHz  uncertainty  using  a 
Beckman  7580  transfer  oscillator  and  an  HP  5245L  electronic  counter  for 
calibration. 

III.  Experimental  Approach 

Only  the  D - |e|  transition  could  be  observed  for  the  8,  Y *nd  6 sites 
of  the  0,0  band.  For  each  of  the  componenta  0^,  Yj^t  Y2>  ^2 

0,370  band  only  one  of  the  two  transitions  D - |e|  or  D -4-  |e|  could  be 
observed  easily.  On  the  contrary,  both  levels  appear 

to  be  radiative  In  the  0,0  band  and  0,370  bands  of  the  polycryatalllne  a site. 

In  the  case  of  y^  very  weak  D - |e|  transition  could  be 

observed  at  the  same  frequency  as  the  Intense  D - |e|  transition  of  Y2  ^2* 
thus  confirming  that  components  1 and  2 are  related  to  the  same  coronene 


molecule. 
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In  order  to  determine  the  orientation  of  the  molecules  in 
the  different  sites,  we  studied  the  polarization  of  the  Intense  zero-field 
transitions  for  Bjt  Y2»  ^2'  successively  used  microwaves 

with  their  magnetic  field  polarized  along  and  across  crystallographic  axes: 
the  (a)  axis  In  the  case  of  the  (ab)  and  (ac)  faces,  the  (c)  axis  In  the 
case  of  the  (be)  face. 

Because  of  the  trlclinlc  structure  of  n-heptane,  an  easier  Interpretation 
of  the  results  Is  obtained  when  using  the  orthonormal  system  (x,y,z)  previously 
defined  In  the  ESR  studies  (Fig.  1).  The  x axis  Is  parallel  to  the  crystallo- 
graphic (a)  axis,  the  y axis  Is  normal  to  (a)  and  lies  In  the  (ab)  face, 
the  z axis  Is  then  defined  as  the  normal  to  the  x and  y axes.  Polarization 
measurements  along  the  (ab),  (ac)  and  (be)  faces  then  yield  the  ratios  of 

the  microwave  signal  Intensities  P^  ■ and  P^  - where  u 

xy  I xz  I zy  I 

y * y 

specifies  the  microwave  transition  (D  -I-  | e|  or  D - | e|  ) . 

At  sufficiently  low  microwave  power  In  order  to  avoid  saturation  effects,  the 

Intensity  of  the  microwave  signal  I depends  on  the  angle  ^ between  the 

microwave  field  direction  ^ and  the  magnetic  moment  of  the  transition.  It 

2 2 2 

Is  proportional  to  |h|  |m|  cos 

The  D - |E|  transition  moment  Is  polarized  along  the  A axis  while  the 
D -f  |e|  transition  moment  Is  polarized  along  the  B axis  (see  the  following 
section).  The  polarization  ratios  of  the  six  components  of  the  0,370  band 
determine  the  directions  of  both  the  A and  B axes  for  B>  Y»  ^ molecules 
and  thus  define  the  orientation  of  the  molecules  In  the  lattice.  The  measure- 
ments related  to  B^,  Yj*  ond  6^  lead  to  the  direction  of  B while  those  of 
^2'  ^2*  ^2  ^ Ml**  The  same  sMasurements  for  the  0-0 

transition  only  determine  the  direction  of  the  A axis  and  are  identical  to 
those  found  for  sites  Y2*  ^2* 


IV.  Results 


7 


A.  Zero-field  Splitting  Parameters;  Distortion  of  Coronene 

The  zero-field  parameters  measured  for  each  site  are  reported  in 
Table  1.  These  values  are  In  good  agreement  with  the  values  previously 
determined  by  and  by  the  ESR  method. 

The  sign  of  the  E parameter  depends  on  the  type  of  distortion  Induced 
by  the  crystal  field  (positive  for  qulnoic  and  negative  for  antlqulnolc)  and  Its 
absolute  value  Is  characteristic  of  the  extent  of  the  distortion. 

In  the  0,0  band  only  the  T level  Is  expected  to  be  radiative.  For 

D 

the  three  sites  6,  y,  6 this  level  has  been  found  to  be  the  Intermediate 
one  so  the  zero-field  parameter  E Is  negative  for  each  of  these  components. 

For  the  polycrystalline  a site,  both  levels  are  radiative  due  to 
the  very  weak  distortion  of  this  site*  A very  small  distortion  Is  supported 
by  the  facts  that  site  a has  a very  low  Intensity  In  the  0,0  band,  the  0,370 
band  e^^  band  Is  not  split  and  Its  |e|  value  Is  very  small.  However,  It  has 
been  found  that  the  D -f  |e|  transition  appears  In  the  0,0  band  with  an  Intensity 
three  times  higher  than  the  D - |e|  transition.  The  Xg  level  of  site  a thus 
appears  to  be  the  highest  energy  one  which  Implies  a positive  value  of  E. 

We  thus  conclude  that  the  crystal  field  effect  of  n-heptane  on  coronene  favors 
an  antlqulnolc  distortion  of  the  molecules  Inserted  In  the  $,y»5  site  and  a 
very  slight  qulnoic  distortion  for  the  polycrystalline  a site. 

It  Is  Interesting  to  study  the  correlation  between  the  values  of  the  E and  D 
parameters  and  the  Tj^  - Sq  transition  energy  for  the  various  sites.  Fig.  2 shows 
this  correlation  where  the  energy  scales  for  D and  E have  been  chosen  to  allow 
the  curves  to  coincide.  The  behavior  of  D and  E with  decreasing  optical  energy 
are  amazingly  alike.  Such  behavior  might  be  Interpreted  In  terms  of  the  Jahn- 
Teller  effect. The  awre  severe  Is  the  distortion,  the  stronger  Is  the  Inter- 
action of  Tj^  with  the  higher  energy  doubly  degenerate  triplet  state.  This  inter- 
action leads  to  an  energy  lowering  in  the  lowest  triplet  state.  While  this 
explanation  sounds  attractive,  one  should  not  neglect  the  difference  in  the 
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ground  state  electronic  energy  of  the  molecules  in  the  different  sites.  The  D 
parameter  Is  related  to  Che  spatial  distribution  of  the  triplet  electrons  within 
Che  plane  of  the  molecule.  The  average  separation  between  these  electrons  will 
increase.  Implying  a decrease  of  D,  on  going  from  Che  small  qulnolc  distortion 
of  site  a to  the  relatively  large  antlqulnolc  distortion  of  6 site. 

B.  Orientation  of  Coronene  In  n-Heptane  Lattice 

The  measured  ratios  defining  the  In-plane  magnetic  axes  of  Che  three 
6,  Y and  6 molecules  are  reported  In  Table  2.  The  orientation  of  the 

molecule  was  calculated  from  the  observed  polarization  ratios  by  using  an 

21 

optimization  computer  program  based  on  a least  squares  fit  procedure. 

From  an  assumed  orientation  of  the  molecule  defined  by  Its  axes  A'B'N', 
this  program  calculated  ratios,  and  compared  them  to  the  experimental 
ones  by  calculating  Che  error  function 


(P' 


- 

• J ' 


UlJ 


Li lil 


(P*" 

^ ij^ 


In  order  to  minimize  this  error  function,  successive  and  Iterative 
2-degree  rotations  around  Che  three  A'B'N'  axes  were  performed.  The  optimized 
Euler  angles  of  Che  magnetic  axes  of  Che  8,  Y>  and  6 molecules  In  the  x,y,z 
orthonormal  system  are  given  in  Table  3.  In  order  to  allow  an  easier 
Interpretation  of  these  results,  the  Euler  angles  of  the  n-heptane  molecule 
and  of  the  (c)  axis  are  also  given  In  the  same  system,  as  well  as  the  angle  6 
of  the  In-plane  magnetic  axes  of  coronene  with  the  heptane  chain. 

We  conclude  from  these  results  that  within  5*  uncertainty  Che  6,  Y and  6 
molecules  lie  in  the  substitutional  plane  defined  by  the  alkane  chain  axis 
and  Che  crystallographic  (c)  axis.  In  this  substitutional  plane  (Fig.  3)  it 
Is  found  that  within  5*  uncertainty,  the  B axis  of  anlsculss  In  site  8 makes 
sn  angle  6 > ±30*  with  respect  to  the  heptane  chain.  In  Che  case  of  molecules 
In  sits  Yt their  B axis  has  been  found  to  make  an  angle  6 ■ ±12*  with  respect 
to  the  heptane  chain  while  for  molecules  In  site  8,  their  A axis  makes  an  angle 
e - ±12*  with  the  heptane  chain.  The  two  main  positions  of  Insertion  of 


coronene  In  Che  heptane  le^tlce,  site  Y and  6,  are  related  by  an  approximately 
90”  rotation  of  their  In-plane  magnetic  axes.  It  Is  to  be  noted  chat  the 
direction  of  the  In-plane  magnetic  axes  of  molecules  y and  5 experimentally 
determined  lead  Co  a geometrical  orientation  of  the  molecule  slightly  different 
from  the  one  expected  when  only  taking  Into  account  Intuitive  sterlc  con- 
siderations. These  considerations  would  lead  one  to  expect  one  of  the 
magnetic  axes  of  the  aromatic  to  be  parallel  to  the  heptane  chain  (6  ■ 0). 

It  Is  difficult  to  prove  that  the  angle  6 > ±12”  which  has  been  found  cannot 
be  attributed  to  experimental  uncertainty.  However,  the  fact  that  Co  within 
5”  the  molecules  have  been  found  to  lie  In  the  predicted  substitutional  plane 
allows  us  to  conclude  that  our  measurements  have  a low  experimental  uncertainty 
and  gives  significance  to  Che  value  6 ■ ±12”. 

V.  Piacusslon 

The  following  conclusions  can  be  drawn  from  the  present  studies: 

1.  The  higher  the  energy  of  the  0,0  band  of  the  coronene  molecules  Che  less 
Is  Che  degree  of  distortion. 

2.  Sites  6,  Y,  and  6 have  antlqulnoldal  structures. 

3.  The  a-slte,  observed  only  In  the  polycrystals,  has  the  highest  0,0  band 
energy  and  Is  the  least  distorted,  but  seems  to  have  a qulnoldal  structure. 

4.  The  molecules  In  the  g,  y ^ sites  all  lie  In  the  substitutional  plane 
of  the  lattice  and  the  In-plane  magnetic  axes  are  found  Co  be  oriented 
differently  with  respect  to  the  alkane  chain  axes. 

It  thus  seems  that  by  a combination  of  different  types  of  pseudo  Jahn- 
Teller  distortions  and  different  orientations,  Che  coronene  molecule  can 
find  the  different  potential  energy  substitutional  minima  that  give  rise  to 
the  observed  Shopl'skll's  mulclplet  emission  structure  In  n-heptane. 
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This  conclusion  Is  different  from  that  reached  concerning  the  origin  of  the 

different  sites  of  the  naphthalene  x-traps  in  the  naphthalene-tetrachloro- 

22 

phthallc  anhydride  charge  transfer  crystals.  In  these  crystals,  it  was 
found  that  all  the  sites  have  similar  orientations.  In  order  for  them  to 
have  different  optical  energies,  they  must  then  be  created  by  having  the 
different  naphthalene  molecules  located  next  to  different  impurities  having  higher 
triplet  energies  (the  accepted  notion  for  the  origin  of  the  x-trap) . The  fact  that 

they  all  have  similar  orientation  in  this  system  must  then  be  a result  of  the 
fact  that  the  other  host  molecules  around  these  traps  (and  not  thic  impurity 
molecules)  control  the  orientation  of  the  naphthalene  molecules  in  these  sites 
in  the  lattice. 
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Table  2.  A comparioon  between  the  experimental  polarization  ratios 
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Table  3.  The  angles  between  the  coronene  magnetic  axes  In  different  sites 
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Fig.  1:  Spatial  arrangement  of  the  heptane  chains  with 
respect  to  the  crystallographic  system  (a,b,c) 
and  to  the  orthonormal  system  (x,y,z).  The 
orientation  of  a vector  V is  defined  by 
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Fig.  2: 


Pig.  3: 


Zero-field  splitting  parameters  D and  E as  a function 
of  the  T^  - Sq  energy  separation  of  the  various 
sites. 

Orientation  of  the  magnetic  axes  of  molecules  in  the 
B,  Y and  6 sites  within  the  substitutional  plane  of  the 
lattice  which  has  been  taken  as  the  drawing  plane. 
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